Recent findings show an unexpected conservation of genes involved in vertebrate and insect eye development. The Drosophila homeobox gene sine oculis is crucial for eye development. Its mufine homologue, S/x3 is expressed in the anterior neural plate, a region which is involved in lens induction in Xenopus. To examine whether S/x3 participates in the process of eye formation, mouse S/x3 was ectopically expressed in fish embryos. The results show that S/x3 is sufficient to promote eetopic lens formation in the area of the otic vesicle and that retinal tissue is not a prerequisite for eetopic lens differentiation. Our findings suggest a conserved function for S/x3 in metazoan eye development.
Introduction
Several genes thought to be involved in eye development have recently been isolated in both Drosophila and vertebrates. The paired and homeobox-eontaining gene Pax6 has been shown to play a crucial role in this process in mammals and insects (Hogan et al., 1986; Hill et al., 1991; Walther and Gruss, 1991; Quiring et al., 1994; Halder et al., 1995a; Halder et al., 1995b) . This led to the hypothesis that vertebrate and insect eye development may share an evolutionary conserved pathway (Quiring et al., 1994; Halder et al., 1995b) . Thus, it seems likely that other structurally and functionally conserved genes involved in vertebrate and Drosophila eye development will be identified.
The Drosophila homeobox gene sine oculis is required for the development of the visual system (Cheyette et al., 1994) . Its murine homologue S/x3, is expressed in the anterior neural plate, the optic vesicles and the lens (Oliver et al., 1995) . This expression pattern suggests that S/x3 is also involved in eye development. Vertebrate lens formation involves a multistep process, starting at the gastrula stage, and requires an inductive signal emanating from the anterior neural plate (Jacobson, 1966; Henry and Grainger, 1987; Grainger et al., 1988; Saha et al., 1989; G-rainger, 1992) . This signal elicits a lens-forming bias in the lens competence region of the head ectoderm. In mouse, S/x3 is expressed in the anterior neural plate at the time when this inductive signal is thought to act (Oliver et al., 1995) . Later on, the optic vesicle appears to play a key role in lens differentiation (Grainger, 1992) .
Results and discussion
To examine whether S/x3 participates in the process of eye formation, mouse S/x3 was ectopieally expressed in the killifish medaka (Oryzlas latipes; Yamamoto, 1975) .
Plasmid DNA containing the mouse S/x3 eDNA under the control of the cytomegalovirus (CMV) promoter/enhancer (pC5Str3) was injected into 2-4-cell stage medaka embryos for transient mosaic expression of the S/x3 transgene starting at mid-blastula transition (Stuart et al., 1990; Winlder et ai., 1991) . To analyze the distribution of the pC5$/x3-expressing cells, whole mount in situ hybridization was performed at different time points after injection. As shown in Fig. 1 In wild type medaka, the first visible sign of lens formation is a thickening of the lens placode at 30 h of development. Characteristic onion-like, concentric arrangement of the lens fiber cells surrounded by the lens epithelium is observed at day 3 of development (late organogenesis stage) (Fig. 2C) (Iwamatsu, 1994) . In 2.5% of the embryos injected with pC5S/x3 plasmid DNA (n = 15/ 609) an ectopic lens was observed at day 3 ( Fig. 2A,B) . In all cases, only one ectopic lens was formed, being slightly smaller than the wild type lens (Fig. 2A) . The ectopic lenses exhibit the characteristic lens morphology (Figs. 2B, C and 4A, D) . Furthermore, y-crystallin was immunodetected in the ectopic lenses with a polyclonal antiserum raised against Xenopus lens proteins, unambiguously identifying the ectopic structures as lenses (Fig.  2B,C) .
Although mouse S/x3-expressing cells are randomly distributed in the embryo at early neurula stages ( Fig. 1) , ectopic lenses were formed exclusively in place of the otic vesicle ( Fig. 2A) , which in the wild type embryo will give rise to the inner ear, or in a position close to it (Fig.  4B ). This indicates that for the formation of an ectopic lens, a competent tissue (otic placode territory) has to be targeted by S/x3-expressing cells. Six3 expression in a non-competent region is not sufficient for ectopic lens formation. Considering the random distribution of the S/x3-expressing cells and the limited size of the competent tissue, it is to be expected that only in a small percentage of the injected embryos an ectopie lens can form.
As a control, 344 embryos were injected under identical conditions with pCMV5 plasmid DNA lacking the Six3 eDNA. Formation of eetopic lenses was not observed. The finding that ectopic lenses were observed only in pC5S/x3-injected embryos indicates that ectopic lens formation depends on ectopic mouse Six3 expression and that this gene plays a key role in the process of lens formation in vertebrates.
It has been proposed that the retina is required for vertebrate lens differentiation (Grainger et al., 1988; Saha et al., 1989; Henry and Grainger, 1990; Grainger, 1992) . Judged on the basis of pigmentation and morphological criteria, none of the injected embryos developed either an ectopic optic cup or a retina neighboring the ectopic lens (Figs. 2-4). The absence of an optic vesicle or a neuroretina in the vicinity of the ectopic lenses was confirmed by the use of medaka tailless and Pax6 expression as molecular markers (Ktster, Loosli and Wittbrodt, unpublished results) (Figs. 2-4 ). In the wild type medaka embryo, tailless is expressed as in the mouse (Monaghan et al., 1995) in the developing optic vesicle (not shown) and at later stages in the neuroretina and optic rectum (Fig.  3A) . Initially, Pax6 is expressed in the anterior head ectoderm, the optic vesicles (arrowhead in Fig. 1B ) and in the developing central nervous system. Later on, transcripts are detectable in the neuroretina and in the lens epithelium (Fig. 4A,C) . Both tailless (Figs. 2A and 3B,C) and Pax6 (Fig. 4B,D) expression were not observed in the vicinity of the ectopic lenses, whereas wild type tailless expression was observed in the neuroretina and optic rectum (Fig. 3B) , and wild type Pax6 expression in the neuroretina (not shown) and hindbrain (Fig. 4B ). Taken together, these observations provide evidence that neither an optic cup nor a neuroretina are present in the vicinity of the ectopic lenses. This indicates that the presence of retinal tissue is not a prerequisite for the final steps of ectopic lens differentiation.
In murine loss of function Pax6 mutants the lens is not formed, indicating a key role for Pax6 in lens formation (Hill et al., 1991; Quinn et al., 1996) . We therefore investigated whether ectopic mouse S/x3 expression results in the activation of ectopic Pax6 expression. Using a double labeling whole mount in situ analysis, the potential interaction of both genes was analyzed. No coexpression of mouse Six3 and Pax6 was detected in late neurula stage embryos (Fig. 1B) .
As in the wild type, Pax6 expression was observed in the lens epithelium of the ectopic lens itself at day 3 (compare Fig. 4C,D) . At this stage mouse S/x3 expression does not result in the activation of Pax6 at ectopic places as indicated by whole mount in situ analysis (arrow in Fig. 4D) . Therefore, the observed Pax6 expression in the ectopic lens epithelium may reflect a late requirement of Pax6 in lens development. In summary, ectopic lens formation in response to murine S/x3 expression does not involve a direct Pax6 activation by Six3.
The lens placode is one of the sensory placodes which are represented by thickenings of the head ectoderm surrounding the neural plate. The data presented here demonstrate that in addition to the lens placode, the region of the otic placode is competent to form lenses in response ~:~ i ¸¸ ~ . . . .
to Six3, which is in good agreement with previous data obtained by tissue transplantation (Barabanov and Fedtsova, 1982; Saha et al., 1989) . Based on the suggested model for lens induction in the prospective lens ectoderm by the anterior neural plate (Grainger, 1992) , we propose that the ectopic Six3 expression has changed the bias of the otic placode towards the lens pathway by inducing a secreted factor. The finding that mouse S/x3-expressing cells were detected in the vicinity of several ectopic lenses (arrow in Fig. 4D ), whereas no clones were observed in the ectopic lenses proper, hints at a cell non-autonomous process initiated by ectopic Six3 expression. Consistent with a role of Six3 in lens induction, in mouse Six3 is initially expressed in the anterior neural plate, whereas expression in the developing lens starts after lens vesicle formation. The finding that Pax6 and tailless expression are not altered in Six3-injected embryos, suggests that S/x3-promoted ectopic lens formation is independent of a respecification of the hindbrain region towards anterior fates.
The retina has been proposed to be required for lens differentiation (Saha et al., 1989) . At the stage at which ectopi c lenses are detected, no ectopic retinal tissue was detected in the pC5S/x3-injected embryos. This suggests that a retina is not required during the final steps of ectopic lens differentiation.
The finding that ectopic expression of a single mouse gene (Six3) promotes ectopic lens formation in a fish embryo demonstrates that Six3 is a key player in vertebrate lens formation. Furthermore, these results suggest that in addition to the conserved role of Pax6 in vertebrate and insect eye development, the function of additional factors, including Six3/sine oculis, are evolutionary conserved in metazoan eye development (Quiring et al., 1994; Zuker, 1994; Halder et al., 1995a; Halder et al., 1995b; Oliver et al., 1995) .
Experimental procedures

Fish stocks
Wild type fish were initially purchased from Carolina Biological Supply and kept in a closed stock under natu- ral random breeding conditions according to Yamamoto (1975) .
Cloning
A 1.4 kb EcoRI fragment containing the mouse Six3 coding region (Oliver et al., 1995) was cloned into pCMV5 (Andersson et al., 1989) .
DNA injections
Qiagen EndoFree purified DNA of pC5S/x3 and pCMV5 as a control were injected at 100 ng//zl into one blastomere at the 2-4 cell stage and raised as described at 28°C (Smart et al., 1990; Winkler et al., 1991) . As plasmid DNA injected into the fertilized egg does not stably integrate, cell divisions may result in a decrease of the expression level.
In 2.1% of the embryos injected with pC5S/x3 a cyclopia phenotype was found. In the control experiments cyclopes were found in 1.5% of the embryos indicating that this effect is an unspecific result of injection of plasmid DNA at high concentration.
In 3.6% of the embryos injected with pC5S/x3 plasmid DNA a split posterior axis was found. Unspecific effects such as general developmental retardation or a kinked axis were seen in 18%. In control injected embryos a split posterior axis was found in 0.9%; unspecific effects were observed in 14.2%.
Whole mount in situ hybridization
Double labeling in situ hybridization was performed using digoxigenin and fluoresceine-labeled antisense RNA probes following standard procedures (Hauptmann and Gerster, 1994) . In all cases the fast red detection (red) was performed first, followed by the NBT/BCIP staining (blue).
Immunodetection
Immunodetection of lens 7-crystallins was performed as described (Wittbrodt and Rosa, 1994) using a polyclonal antiserum directed against Xenopus lens proteins (Henry and Grainger, 1990) kindly provided by R.M. Grainger, at a dilution of 10 -3.
Vibratome sectioning
Vibratome sections were performed as described (Bober et al., 1994) .
